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of the present application, the reaching* of which are 



BACKGROUND OF THE INVENTION 

The need to transport high-bandwidth signals front p.aee to place contmues to 
driv e growth in the telecommunications industry. As the demand for high-speed access 

5 , relW or k managers face an inereasmg need ,0 transport data s,gna,s over short dtstatrces. 
For exampie, in corporate campus environments, ,, is often necessa^ to rmp.emen 
hi8 h-s P eed networtt connections between buddings raprd.y and mexpensrvely, wrthou, 
in li„ g com— for long-tenn service contracts wirb ,oca, telephone compames. 
Other needs occur in residential areas, including apartment buddings, and even 

,0 suburban neighborhood, Each of these settings retires efficient drstrrbution of brgh- 
sneed data signals to a number of locations. 

An emerging Cass of products provrdes a broadband wueless access solutron vra 
point-to-point communication links over radio carrier fluencies in the microwave 
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radio band. The telecommunications import signals may be provided on a w,re, tat 
increasingly, these arc provided on optical fiber ntedia. An optical ,0 electneal 
conversion stage is thns firs, required to convert the baseband digital signal. Next, a 
nricrwavc frequency radio is needed to up-co„vert the broadband digital stgna! to a 
5 statable radto earner frequency. These up-eonverters are typically implemented ustng 
m „l,i.s,age heterodyne receivers and transmitters such that the input baseband srgnal ,s 
nrodulated and then up-e„nverted to the desrred radro frequency. In the ease of an OC-3 
rate optica, transport signal having a bandwidth of 1 55 MegaHertz (MHz), the tnpu, 
signal may be up converted to an ultimate microwave carrier of, for example. 23 GHz. 
,„ through several Intermediate Frequency (IF) stages a. lower radio frequences. 

Other implementations may use optical technologies to transport the stgnal over 
air These technologies use op.ieal emitters and detectors operating in the htgh 
infrared range. While this approach avoids conversion of the optical input to an 
electrical signal, i, has certain limitations. First, the light wave earner has a narrow 
, 5 beamwidth. meaning that the transmitter and receiver must be carefully aligned wtth one 
another Light wave carriers are also more suscepttble to changes ,n phystcal 
conditions. These changes may be a result of changes in sunlight and shade exposure, 
or foreign matenal caustng the lenses to become dirty over time. Other problems may 
occur due to vibrations from nearby passing automobiles and heating ventilattng and 
20 cooling equipment. Some members of the public are coneemed with posstble eye 
damage from high powered lasers. 

SUMMARY OF THE INVENTION 

The present invention is a point-to-point microwave radio link that operates ,„ a 
Frequency Division Duplex (FDD) mode using separate microwave band radro 
a 5 frequency carriers for each direction. The transmrt.er uses drrect digital modulatton to 
convert an input baseband optica, rate signal to the desired microwave frequency earner. 
The direct digita, modulation is ,mp,emen.ed using a Phase Shrft Keyed (PSK) scheme. 
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The dcs.gn may be targeted for operation at unallocated frequences in the millimeter 
wave spectrum, such from 40-320 GHz. 

In one embodiment, the transmitter is implemented using a d.rect multiplication 
followed by a phase shifter. With this arrangement, the transmitter uses a stable voltage 
5 controlled oscillator operating in the 10-13 GHz band. The oscillator output is then up- 
converted to the desired microwave range. For operation in the 40-52 GHz range, this 
may be a single stage times four (x4) frequency multiplier for operation at a higher 
range, such as from 81-87 GHz, a second, times two (x2) multiplier may also be 
employed. 

1 o The frequency multiplier output feeds a phase modulator and/or attenuator 

circuit. In particular, the frequency multiplier output is fed to a phase modulator that 
deviates the phase of the multiplied output carrier by a desired amount. The phase 
deviator may be one or more circulators in this preferred embodiment. A bandpass filter 
and power amplifier may typically be inserted prior to the phase shifter. 
, 5 The direct digital modulation transmitter may also be implemented using a sub- 

phase implementation. In this approach, a stable voltage controlled oscillator operating 
in the 10-13 Giga Hertz (GHz) band is once again used. This oscillator feeds a phase 
modulator circuit that operates over a narrower phase range than would otherwise 
typically be used. For example, the phase deviation range is typically only a fraction of 
20 the ultimately desired phase deviation range of the output microwave signal. The phase 
modulator is thus preferably chosen so that it deviates the phase by a desired output 
amount divided by a particular factor. 

That same particular factor is then used by an output frequency multiplier to 
multiply the phase modulated signal to a higher output carrier frequency. A bandpass 
25 filter and power amplifier may then be used to feed a final stage filter prior to 
forwarding the signal to a transmit antenna. 

The phase deviation of the phase modulator in this sub-phase embodiment is 
preferably chosen to be the reciprocal of the multiplication factor implemented by the 
frequency multiplier. For example, the phase modulator may implement phase shifts of 
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0, 22.5, 45, and 67.5 degrees when a frequency multiplier having a multiplication factor 
of four (4) is applied to an input 1 0 GHz range VCO signal. After being subjected to 
the multiplication body output multiplier, the desired output phases of 0, 90, 180, and 

270 degrees arc provided. 

5 Likewise, in a case where a multiplication factor of 8 is introduced in the output 

signal processing chain, the phase deviation may be further reduced accordingly. In 
such an instance, where the output carrier signal generated from the 10 GHz VCO is 
ultimately multiplied up to a range of 80 GHz, the sub-angle phase deviations 
implemented by the phase modulator would be 0, 1 1 .5, 22.5, and 33.75 degrees. 

10 If amplitude modulation is also desired, an attenuator may be inserted in-line 

prior to the phase dev.ator. This allows multi-level modulation schemes such as QAM 
to be employed. 

The receiver uses a similar but inverse signal chain consisting of a microwave 
oscillator, frequency multiplier, and bandpass filter. A single down conversion stage is 
1 5 all that is required. By inserting the frequency multiplier between the oscillator and 
down converter mixer, the local oscillator remains offset by a wide margin from the 
input RF carrier frequency. This permits the receiver image reject filters to be 

implemented more easily. 

This scheme provides a low cost alternative to traditional approaches, since the 
20 base band modem and multiple RF stages are eliminated. Because there are no 

heterodyne stages, there also are no images of the modulated baseband signals created 
on either side of the carrier frequency. Thus, image reject filters are not necessary. 

Direct digital modulation also only creates modulation artifacts at high multiples 
of the VCO center frequency. This allows the output bandpass filters to be implemented 
25 using inexpensive waveguide technologies that can easily reject the harmonics of the 
VCO output, as opposed to more stringent filters that might otherwise be required to 
reject the harmonics of the baseband signal. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram of a point-to-point, optical to microwave link according 

to the invention. 

Fig. 2 is a detailed circuit diagram of a Direct Modulation Phase Shift Keyed 
5 (PSK) transmitter that uses post-multiplication phase modulation. 

Fig. 3 is a detailed circuit diagram of another embodiment of a Direct 
Modulation PSK transmitter that uses sub-phase deviation prior to carrier 
multiplication. 

Fig. 4 is a detailed circuit diagram of a Direct Modulation receiver. 

1 0 The foregoing and other objects, features and adv antages of the invention will be 

apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 
necessarily to scale, emphasis instead being placed upon illustrating the principles of the 

1 5 invention. 

DETAILED DESCRIPTION OF THE INVENTION 

A description of preferred embodiments of the invention follows. 
Fig. 1 is a block diagram of a point-to-point wireless communications system 
that may make use of a direct conversion transmitter and receiver according to the 

20 invention. The system 1 0 includes at least a pair of optical-to-microwave link interfaces 
20, 30. A first optical-to-microwave link interface may be located, for example, at a 
central location such as a Network Access Point (NAP) 20 that provides connections to 
a data network. In the illustrated example, the network connection is provided from an 
optical fiber that carriers a transport signal modulated in accordance with the OC-3 

25 standard signaling format. The OC-3 optical signal carries an information signal having 
a data rate of 155.52 Megabits per second (Mbps). A similar optical-to-microwave 
converter unit 30 is located at another remote location, such as a Network Termination 
Point (NTP). The unit 30 also provides connectivity to a similar OC-3 optical transport 



2695.2020-001 



# 



connect.cn. The units 20, 30 may, for example, be located on the roofs of buildings in a 
campus environment to which it is desired to provide high-speed network connections 
between buildings. 

In any event, both units 20 and 30 each have a transmitter 100 and recover 160. 
5 The transmitters 100 and receivers 160 operate in a Frequency Division Duplex (FDD) 
mode, such that transmitter-receiver pairs operate on distinct carrier frequencies. For 
example, in a downlink direction from unit 20 towards unit 30, the transmitter 160 in 
unit 20 operates on the same microwave earner frequency to which the receiver 100 in 
unit 30 is tuned. Likewise, the receiver 160 in unit 20 is tuned to the microwave carrier 
1 0 which the transmitter 1 00 in unit 30 operates. 

Acceptable operating frequences for the uplink and downlink may be in an 
unlicensed microwave band. For example, in the United States, appropriate unlicensed 
microwave radio bands occur in the various regions of the 40 to 320 GHz band. 

It should be understood that units 20 and 30 may be deployed at any short haul 
1 5 point-to-pomt locations, such that the specific locations are in effect network peers. It 
should also be understood that the invention may be used to carry data traffic between 
different types of locations and different types of network traffic. 

Turning attention now to Fig. 2, a post multiplication phase shift embodiment of 
the transmitter 100 will be described in greater detail. The transmitter 100 includes an 
20 optical to voltage transducer 1 12, a baseband filter 1 14, and a direct phase modulator 
1 16. The circuit also utilizes a multiplier 1 1 8, a bandpass filter 120, a buffer amplifier 
122, an output waveguide filter 130, and a transmit antenna 132. Optionally, a second- 
stage bandpass filter 124 and multiplier 126 may be utilized. 

The direct phase modulator 116 includes a data formatting integrated circuit (IC) 
25 141, a pan of buffers 142-1 , 142-2, a local oscillator 144, a phase shifter 145, a pair of 
phase modulators 146-1, 146-2, a bandpass filter 147 and amplifier 148. As will be 
understood shortly, the signal radiated by the transmitter 1 00 in this embodiment has a 
continuous phase and employs Quadrature Phase Shift Keyed (QPSK) modulation ,n 
order to communicate information to the receiver 150. 



2695.2020-001 



# 



The input OC-3 formatted optical signal is first led to the optical to voltage 
rransduccr .12. Tire transducer 1.2 produces a, its output a raw transport bi.slream. 
for an input optical stgnal of the OC-3 torn* the transport hi, strean, is a dtgttal srgna, 
a, a .55.52 Mhps rate. The raw transport bi, stream is then fed to a lowpass filter 1 .4 to 
5 remove any artifacts of the optical to voltage conversion process. It should be 

understood that other digital input signal types may be supported, such as OC-1. OC-12 
or other optical range transport signals. 

After being converted to a voltage from the oprieal carrier, the input baseband 
signal is d.rec.ly fed lo the control inputs of the data formatter .41 . For QPSK 
,0 operafion, the data formatter 14, drives the phase modulator 1 16 only. The phase 

modu ,a,or . ,6 provides a plrase-dcvrated microwave earner a, its output, whrch shrfts m 
phase according to the logic state of the input transport signal. 

The frequency of the local oscillator 144 portion of the direc, phase modulator 
„t ,s determined by the multiplication factor rmplemented by the fo.lowing mulrrpher 
,5 ,1 8 and optional mulftp.ier 1 26. For example, give,, an OC-3 input signal and a 
desired output signal in the range of 48-52 GHz. the carrier signal output by the 
nrodulator 1 16 may be in the range of from 10-13 GHz. The oscillators used ,n .he 
VCO 144 are therefore not particularly narrow band or stable a, such high opera.rng 
ranges in .he 40 GHz and above range. Thus, the approach here is to use a more stable 
20 VCO .44 source a. a lower range, such as in the 10-13 GHz range, and then to re.y upon 
lhe mul.ip.ier . 1 8 and/or . 26 «o shift .he VCO ou.pu, up ,0 .he desired opera.mg band. 

The first-stage bandpass fiber 1 20 removes artifac.s of .he direc. modulahon 
process. Unlike heterodyne receivers, no srdebands are crea.ed. Artifacts of the drrec, 
mod u.a,ion process occur only a. muhip.es of .he VCO .44 eartier and no, a, rmage 
,5 frequences and no RF srdebands are generated. Thus, the first-stage bandpass filter I 
need only remove the ,0-13 GHz range harmonics on either side of the output 50 GHz 
range eartier frequency. It therefore need no, be a particularly sharp roll off filter. 

A medium range buffer amplifier 1 22 then receives the filtered signal and 
forwards it to an output waveguide filter 130. 
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The waveguide liter , 30 further reduces the hamtonics of ,,e VCO ,44. ,. need 
„„, be a„ image-rcjec, filter. Sue,, image-reject filters, if , hey -re needed, would 
funhcr increase fire cos,. Eliminnt.on of fire heterodyne stages, while no, proving as 
bandwidth efficient an approach, does produce a less expensrve rad.o. 

As can now be appreciated, ,h,s approach implements direct digital nrodnlanon 
„ s ,ng a sub-phase deviation approach. In parficular. the output s.gna, is generated by 
firsl us ,„g a stable voltage controlled oseifiator to produce a s,gnal in a band , a, ,s a 
sub-mulnple of the uhinra.ely desired output microwave frequency earner. The VCO 
outpul s.gna, is then subjected to a phase modulator that deviates the phase 
0 pbase amount tha, has been divided by a parficular factor. Th,s same pamcular factor ,s 
thc „ nsed by an output frequency multiplier to mu„,p,y the resulting phase modulated 
nncrowave signal to the desired higher output carrier frequene, The phase dev.at.on of 
,he moduiator is thus chosen to be the reciprocal of the mu.tipheauon factor 
implemented by the frequency multiplier. 

For example, if the frequency multiplied, factor of 4 is to be apphed to the 
output of the VCO, and the QPSK implementation is to ultimately prov.de output 
slg „a,s a, phases of 0, 90, 180, and 270 degrees, the input phase modulator .mplements 
phase shifts ofO, 22.5, 45, and 67.5 degrees, respectively. 

,„ a case where a mu.tipfica.ion factor of 8 is introduced in the output s.gna, 
2 „ pressing Cham, the pbase dev.afion is one-eighth of the ultimate, desired amount. 
Thus, in such an instance, when, for example, an output earner s.gna, of 80 GHz 
generated from a 10 GHz range of VCO, the sub-angle phase deviation implemented by 
the phase modulator 1,6 is in steps of 0, 1 1 .25, 22.5, and 22.75, respectively. 

„ should a,so he noted that the ampfifiers operate in a saturanon mode, winch ,s 
25 a s,gmfican, advantage of the present invention. Specificalh, by operating in this mode 
a „a using direct modulation, the amplifiers do no, need linearity requirements tha, 
would otherwise be required if heterodyne approaches tha, are used in the pno, ar, were 
„sed Because fine ampfifiers need not operate in then l.ncar region, temperature 
compensafion requirements are relaxed and higher power operafion is eas.er to adneve 
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wi,h Simpler circuits. In our cxpcncucc with ,hc prior art. when he.erodyrte modulanon 
techniques are used that requtre linear amplifiers, temperature, temperature 
compensate schemes u,,.i Z ing Programmable Read Only Memories (PROM) to adjust 
amphfier outputs levels were generally required a, the indicated output frequency ranges 

5 of40to80GHz. 

Another embodiment of the present invention that may be used to generate a 
Quadrature Amplitude Modulated (QAM) output signal via post multiplication phase 
modulation is shown in Fig. 3. The QAM implementation represents a generalization of 
the PSK case, as QAM provides a way for the amplitude of the transmitted signal to also 
1 0 communicate information as well as the phase. 

As seen in Fig. 3, this configuration receives the input optical signal 1 10 and 
feeds it to an optica, to voltage transducer 112, filter 1 14, and data formatting integrated 
circuit 141 as for the QPSK embodiment described above. However, with this 
implementation, the direct phase modulation technique is somewhat different. Rather 
15 than phase-modulate the carrier before multiplication, phase and optional amplitude 
modulation are introduced after carrier multiplication. 

More specifically, a carrier signal is generated by a local oscillator 144 that feeds 
a multiplier 1 88, a band-pass filter 1 20, a buffer amplifier 1 22, and an output waveguide 
filter 130 as in the previously described embodiment. Optionally, as before, a second 
20 stage band-pass filter 124 and multiplier 126 may be utilized to achieve 80 GHz 
operation. 

The phase modulation is provided post-nrultiplicaiion by feeding the data btts 
output by .he formatter 1 41 to a Digital to Analog (D/A) converter 1 51 and a pair of PIN 
diodes 152 and 153. The generated microwave carrier signal is then fed from the 
,5 waveguide filter 130 to a PIN aUenua.or 154 which in turn feeds a pair of emulators 
1 55 and 1 56. The signal output from the circulator 1 56 is then fed to the antenna 1 32. 

The combination of the PIN diodes 152 and 153 and circulators 155 and 156 
imp ,emen, one of four different phase shifis. as controlled by the leas, significant data 
bh, 150-1 and 150-2 output by the formatter 141. These two leas, significant data btts 
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arc fed ,o a respective one of .he PIN attenuators 1 52 and 153. They implement a I) or 
o„ degree phase shift, it, the case of the PIN aUC,H,a,or 1 52. and a (, or 180 degree phase 
shift in the case of PIN attenuator 153. Thus, i, can he considered that a firs, one of the 
PIN diodes implements a firs, phase shi ft, P 1 . and a second 1 53 implement a second 
5 phase shift P2 The PIN d.odes 1 52 and 1 53 refiec, Ihc inpu, signal into either ol two 
phases, eg. in,o cither one of two signal paths, and ,he reflected signal is ,hen fed out to 
the respective one of Ihe circulators 1 55 and 156. 

The data formatting integrated circuit 141 provides data oulputs 1 50-3 and 150-4 
drat represent encoded data hits. In the illustrated embodiment, this may be a total of as 
,0 many as four different data bits represented by 16 different states of the modulated 
carrier In the case where four data bits arc selected, then the implements, provtdes 
for sixteen level QAM signalnrg a, the output. The two most significant bits are used to 
determine a modulated signal amplitude. The (wo leas, significant bits a modulated 

signal phase as for the QPSK case. 

, 5 The D/A converter 1 5 1 may thus include a digital to analog conversion process 

for generating an analog voltage from the two most significant data bits 1 50-3 and 
, 50-4 The voltage output from this D/A converter 1 5 1 drives the PIN attenuator 1 54. 
The PIN attenuator 1 54 attenuates the signal amplitude output from the waveguide filter 
1 30 by a desired amount as indicated by the data bits 1 50. 

20 In Fig. 4, an exemplary receiver 1 60 for the PSK signals generated by the circutt 

of Figs 2 or 3 is described in detail. The receiver 1 60 tncludes a receive antenna 161 , 
an inpu, waveguide filter 162, a low-noise amplifier 164, a bandpass filter 166, a local 
reference generator ,70. a phase demodulator ITl.upairoflowpass filters 182-1, 182- 
2 a pair of buffer amplifiers .84-1, 184-2, a pair of analog to digital (AD) converters 
25 186-1, 1 86-2, a data formatting integrated eireui, 1 89 and a voltage to optical transducer 
190. 

The input signal provided by the receiver antenna 161 is fed to the wavegn.de 
filter 1 62. This fiber, having a cen,er frequency in the 50 or 85 GHz range as ,he case 
may be. fibers the desired signal from the surrounding background signals. 
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The low-noise amplifier 164 maybe implemented as a Monolithic Microwave 
Integrated Circuit (MMIC) feeding a planar bandpass filterl66 in the 50 or 85 GHz 
ran ge. The low-noise amplifier 164 typically has a 6-8 decibel (dB) no.se figure 

providing 10-20 decibels of gain. 

3 The local oscillator reference generator 170 consists of a 10-13 GHz oscillator 

1 67 frequency multiplier 1 68, and bandpass filter 1 69. These components are identical 
to the corresponding components in the transmitter. Note here that the multiplied 
factor 168 may be implemented by one or more individual frequency multipliers 
although only a single block is shown in the diagram. 

0 The phase demodulator 171 includes a pa.r of image reject mixers 172-1 and 

, 72-2 offset in quadrature by the phase shifter 1 74. As is well known in the art, the 
heterodvning of a local reference signal as generated by the reference oscillator 170 
when mixed against the incoming signal from the antenna 161 will produce an in-phase 
(I) and quadrature (Q) versions of the input signal. The lowpass filters 182-1 and 182-2 

, 5 prov.de the baseband information to a pair of respective buffer amplifiers 1 84- 1 , 1 84-2. 
Thus the resulting signal is the bas.c 55.52 MHz information that was phase modulated 
onto the microwave frequency carrier. In a case where the information is coded as 
QPSK each signal output by the buffer amplifier may actually represent two different 
bits The respective AID converters 186-1 and 186-2 thus perform the required two-bit 

20 conversion. The data formatting 1C 1 89 then reformats this data to be fed to the optical 

to voltage transducer 190. 

The oscillator 167 may receive an error correction Signal from the data 
formatting 1C. In such an instance, a phase locked oscillator 167 is provided, in a 
manner which is well known in the art. 
75 Different implementations of QAM modulation would require different 

implementations of A/D converters 1 86. For example, if binary phase shift keying 
(BPSK) is implemented the A/D converters 186 require only a single bit conversion; if 
however, if 8 level QAM is implemented by such for example the circuit of F.g. 3, then 
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lte bil A/D convene, wo,,, be necessary. Liaise, if*, .eve, QAM is use, -he 

A/D converts should have at least 4 btt accuracy. 

p.homdbeondcrstood .Hatvartonaane.ateartan^ntsorthet.odesche 

embodiments arc poss.bie. For cxatrtplc. ,„ the s„h-phasc deviation embodtmcn, o, „ 

;„ accommodate QAM W e modulation. For example, an attenuator m , g he 
, m p,cn,e„,cda,,heot,«pu,ofa m pl,r,crH 8 pr,or,o m u,t,plica,,onh ym ul«,,t Ml, 

,„ a similar vein, the embodiment of Ft, 3 may he utthzed ,„ generate QP K 
, n formatter 141 to simply drive the emulators 1 55 and 1 56. 

vana b,e data rate ntodulated s, g na,s may be casdy accommodated. In particular, by 
avoiding the use of be.erodynmg scheme, an asynchronous detectton scheme 
11 Thts is tmportan, in tba, ,. also tends to reduce the cos, of an ent.re system 

I ease of baseband to heterodyne converston approaches. Furthermore, becaus of the 

ta8 esaee,im,na,ed. Heterodyne stages, while prov.dmg for eff.eien, frenng 
2 „ topologtes, have been fonnd to create tnterference and spurious notse problems and 
!ica, y recutre temperature compensation a, microwave operartng fences. 

, /n .,,h n being the multiplication factor in the up-converston chatn, the o era,, e g 

highly-producible assembly as a result. rpfprence s 
While tbis invention has been parttcular.y shown and descr, bed w„ referees 
loprefe .edembod,men,s,bereo,„wi,,beu„ders,oodby,„ose Sk l, l edm,heart,ha, 
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various changes in form and details may be made therein without departing from 
scope of the invention encompassed by the appended claims. 



